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The tumor microenvironment plays an important role in the

progression of cancer. This study focused on

carcinoma-associated fibroblasts (CAFs) and stromal–epithelial

interaction between CAFs and epithelial ovarian carcinoma

(EOC) cells. We isolated and established primary cultures of

CAFs and co-cultured CAFs and EOC cells in vitro. The co-culture

conditionedmedium (CC-CM) was harvested and its influence

on EOC cells was examined. Cytokine, chemokine, and growth

factor levels were screened using a biotin label-based human

antibody array system. We found that the stromal–epithelial

crosstalk provided a suitable microenvironment for the

progression of ovarian cancer cells in vitro.
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INTRODUCTION

Epithelial ovarian cancer (EOC) accounts for more than 90%
of all ovarian malignancies and is the second most frequent
invasive malignancy of the female genital tract after cancer
of the uterine corpus (1). The high mortality rate of ovar-
ian carcinoma stems primarily from the lack of effective
screening and early detection strategies. There has been little
change to the 5-year cumulative survival rate for EOC since
platinum-based treatment was universally introduced more
than 30 years ago (2). Therefore, there is an urgent need for an
in-depth understanding of the mechanisms involved in the
progression of ovarian cancer in order to develop new diag-
nostic or therapeutic agents.

The tumor microenvironment has been suggested to
play an active role in cancer initiation and progression
(3, 4). Clinical and experimental evidence indicates that
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tumor development is intimately related to the complex
tumor microenvironment (5, 6). Neoplastic epithelia en-
gage in reciprocal molecular crosstalk with surrounding
cells, including pro-inflammatory cells, vascular cells, and fi-
broblast cells (7–9), resulting in the production of growth
factors, proteases, chemokines, and cytokines. These cy-
tokines promote angiogenesis and allow malignant tu-
mor cells to escape host immunity and resist apoptosis
(10–12). Carcinoma-associated fibroblasts (CAFs), a par-
ticular type of stromal fibroblast that exists within carci-
nomas, have been linked to multifaceted tumor-promoting
effects, including cytokine and protease secretion, regu-
lation of tumor motility and metabolism, reorganization
of the tumor extracellular matrix (ECM), and preparation of
the metastatic niche (13–17). Therefore, identification of
the specific factors derived from the stromal–epithelial
biochemical interaction needs to be a primary focus of
research.

Recently, two studies have provided evidence that CAFs
in EOC can contribute to tumor progression, disease stage,
lymph node metastases, and omentum metastases and may
be a poor prognostic indicator (18, 19). However, detailed
characterization of the tumormicroenvironment and specific
factors secreted by the synergistic interaction between CAFs
and EOC cells have not been carried out. Thus, a thorough
understanding of the biochemical interactions between stro-
mal cells and epithelial cells is critical.

To better characterize the role of this stromal cell and the
biochemical interactions in tumorigenesis, we isolated CAFs
from resected specimens, co-cultured CAFs, and EOC cells
in vitro, and examined their influence on ovarian cancer cells
in vitro. We found that CAFs and the tumor microenviron-
ment could supply contextual signals that serve to promote
cancer progression in vitro.
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MATERIALS AND METHODS

Cell culture

OVCAR-3 and SKOV-3 ovarian tumor cells were ob-
tained from the Shanghai Institute of Biochemistry and
Cell Biology (Shanghai, China). The cells were cultured in
Dulbecco’s modified Eagle medium (DMEM) containing
10% fetal bovine serum (FBS), 2 mM glutamine, and 1%
penicillin-streptomycin solution (HyClone, Rockford, IL,
USA) at 37◦C in a humidified incubator containing 5% CO2.

CAFs were isolated according to a modified version of the
protocol described by Zhang et al. (20). Twenty-five tumor
tissue specimens were obtained from residual ovarian adeno-
carcinoma specimens collected from adult patients undergo-
ing primary surgical resection at the First Affiliated Hospital
of Nanjing Medical University, Nanjing, China. Each patient
provided informed consent to participate in the study and the
Committee for Ethical Review of Research at Nanjing Medi-
cal University approved all samples used.

Briefly, tumor tissues were minced in sterile phosphate-
buffered saline solution, followed by collagenase digestion
(0.1% collagenase type IV; Sigma-Aldrich, St. Louis, MO,
USA) at 37◦C for 30 min. The suspension was filtered
through a 20-µm stainless steel wire mesh to collect a single-
cell suspension. The filtrate was centrifuged at 1,500 rpm for
5 min and washed twice with DMEM before being plated
on 6-cm tissue culture dishes in 5 mL DMEM supplemented
with 10% FBS (DMEM/10% FBS). After culturing for 30 min
at 37◦C, nonadherent cells (mainly tumor cells) were re-
moved to obtain pure fibroblasts; the adhesion time required
for fibroblasts is much shorter (∼20–30 min) than that for
tumor cells (usually >1 hr). The adherent fibroblasts were
subcultured for further study. When the fibroblasts grew to
confluence, cells were trypsinized and passaged 1:3. All fi-
broblasts used for this study were between passages 3 and 5.

Cell purity was determined by immunohistochemical
staining for various antibodies aswell as bymorphological as-
sessment (spindle-shaped cells with cytoplasmic extensions).
Antibodies to the following were used: myofibroblast marker
α-smooth muscle actin (α-SMA; mouse monoclonal, 1:100;
LabVision, Kalamazoo, MI, USA), mesenchymal marker vi-
mentin (mouse monoclonal, 1:10; LabVision), fibroblast-
specific protein-1 (FSP1)/S100A4 (rabbit polyclonal, 1:50;
Abcam, Cambridge, MA, USA), endothelial marker CD31
(mouse monoclonal, 1:100; BD Biosciences, San Jose, CA,
USA), and ovarian epithelial marker cytokeratin 7 (mouse
monoclonal, 1:100; LabVision). Fibroblasts were verified by
cytokeratin 7- and CD31-negative and α-SMA–, vimentin-,
and FSP1/S100A4-positive status. All experiments were per-
formed using cells in the exponential growth phase.

Preparation of co-culture conditionedmedium

To understand the stromal–epithelial crosstalk better, in
vitro co-cultures of fibroblasts (CAFs) and EOC cells
(OVCAR-3 or SKOV-3) were established. CAFs mixed with
EOC cells in a 1:1 ratio (1× 105 cells) were seeded in 20-cm2

dishes in DMEM/10% FBS. When cells reached 70% to 80%
confluence, the medium was changed to serum-free DMEM

and cells were cultured for another 48 hr. The co-culture
conditioned medium (CC-CM) was collected, centrifuged at
1,000 ×g for 10 min, and the supernatant was concentrated
with Centricon YM-3 filters (Millipore, Bedford, MA, USA).
The protein content of the CC-CMwas determined using the
Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA).
All aliquots were stored at −80◦C until used.

Proliferation assays

To examine the effect of CC-CM on the growth of EOC cells,
OVCAR-3 cells were seeded at 3,000 cells per well in 96-
well plates and SKOV-3 cells were seeded at 1,000 cells per
well in 96-well plates; both were cultured in DMEM/10%
FBS. The medium was changed to serum-free DMEM for
overnight incubation. Concentrated CC-CM (1 µg/µL) was
added to the experimental wells and serum-free DMEM was
added to the control wells. Cell growth was analyzed every
24 hr; 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reagent (Sigma-Aldrich) was added 1 hr
before obtaining the spectrophotometric reading according
to the manufacturer’s directions. Independent experiments
were performed in triplicate.

Migration and invasion assays

To examine the effect of CC-CM on EOC migration, Tran-
swell inserts (Corning, Lowell, MA, USA) were used. Briefly,
1 × 105 OVCAR-3 or SKOV-3 cells in 500 µL serum-free
mediumwere added to the top 8-µmpore chamber.Medium
containing 10% FBS or concentrated CC-CM (1 µg/µL) was
added into the bottom chamber. Serum-free medium was
added to the bottom chamber of the control wells. The num-
ber of cells that migrated through the pores to the undersur-
face within 48 hr indicated cell motility.

The effect of CC-CM on tumor cell invasiveness was in-
vestigated in a similar fashion using BioCoatMatrigel-coated
invasion chambers (BD Biosciences). The cells were allowed
to invade the Matrigel for 48 hr at 37◦C in a 5% CO2 atmo-
sphere.

After 48 hr, cells that did not migrate or invade through
the pores were removed by scraping the membrane with a
cotton swab. Cells that had invaded through the pores and
migrated to the underside of themembranewere fixed in 95%
ethanol and stained with hematoxylin and eosin. Five ran-
dom regions on the inserts andmembranes were then viewed
with a microscope by two independent observers. Indepen-
dent experiments were performed in triplicate.

Serum deprivation–induced apoptosis assays

An important feature of tumor cells is their ability to regu-
late their survival.We therefore testedwhetherCC-CMcould
rescue EOC cells from serumdeprivation-induced apoptosis.
OVCAR-3 or SKOV-3 cells were seeded in eight-well cham-
ber slides (1 × 105 cells per well) in DMEM/10% FBS. After
overnight incubation, cells were washed and themediumwas
changed to DMEM/10% FBS with or without concentrated
CC-CM(1µg/µL) for 24 hr, then cellswerewashed and incu-
bated for 48 hr in serum-free DMEM. After 48 hr, apoptotic
cells were identified using the conjugated human annexin
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V and propidium iodide double staining method (BD Bio-
sciences). In total, 10,000 cells were analyzed by flow cytom-
etry using CellQuest software (Becton Dickinson, Mountain
View, CA, USA). Independent experiments were performed
in triplicate.

Protein detection assays

The aforementioned observations indicate that CAFs sup-
ply locally acting paracrine cues that induce EOC cells
to progress in vitro. To understand this crosstalk better,
the CM was harvested from CAFs, OVCAR-3 cells, or
CAF+OVCAR-3 cell co-cultures. The levels of various fac-
tors in the cell-free culture supernatants were measured with
theRayBio R© Biotin Label-basedHumanAntibodyArray sys-
tem (RayBiotech, Kangchen, China) and were normalized to
the levels observed in themediumofOVCAR-3 cells cultured
alone. Data are expressed as fold induction of triplicates.

According to the manufacturer’s protocol, there are 507
proteins in the RayBio R© system (Supplementary Table 1,
available online), including cytokines, chemokines, growth
and differentiation factors, angiogenic factors, adipokines,
adhesionmolecules, andmatrixmetalloproteinases (MMPs),
as well as binding proteins, inhibitors, and soluble receptors.

Briefly, the protein chips were blocked and incubated
with 400 µL biotin-labeled samples at room temperature
for 2 hr, and then washed to remove unbound components.
Streptavidin-conjugated fluorescent dye, HiLyte PlusTM 555
(Cy3 equivalent; AnaSpec, Fremont, CA, USA), was incu-
bated with the chips at room temperature for 1 hr. The ex-
cess streptavidin was removed and the signals were scanned
by a GenePixTM 4000B laser scanner (Axon Instruments,
Sunnyvale, CA, USA). The data were normalized based on
the positive control signals, and then compared to a com-
mon reference array. After subtraction of local background
signals, the fluorescent signal intensity for each spot wasmul-
tiplied by a normalization factor. The results were expressed
as relative densities compared to the positive control in each
membrane, and the relative ratios were calculated as fold
induction. A series of diluted antistreptavidin and biotin-
conjugated IgG were used as positive controls, while capture
antibody diluent was used as the negative control.

Statistical analyses

All statistical testswere performedusing SPSS Statistical Soft-
ware, Release 16 (Chicago, IL, USA). Graphs were gener-
ated by GraphPad Prism 4.0 software (San Diego, CA, USA).
Comparisonsweremade using two-tailed Student’s t-test and
significant difference was defined as p < .05. Data are ex-
pressed as the mean ± standard deviation of at least three
independent experiments.

RESULTS

Successful isolation of CAFs

Twenty-two CAFs were successfully isolated and cultured.
The CAFs typically displayed a spindle-like, intermediate, or
flattened shape (Figures 1A, 1B, and 1C) and their identity
was confirmed by positive immunohistochemical staining

forα-SMA, vimentin, FSP1 (Figures 1D, 1E, and 1F) andneg-
ative immunohistochemical staining for cytokeratin 7 and
CD31 (data not shown). The CAFs could be maintained for
over 10 passages.

CC-CM stimulated EOC cell proliferation,

migration, and invasion

Comparing CC-CM to control medium, the cell prolifera-
tion assays showed that CC-CM significantly increased the
growth rate of OVCAR-3 and SKOV-3 cells (p < .05, Figures
2A and 2B). Interestingly, the SKOV-3 cells grew so fast that
they could be tested at a lower concentration (1,000 cells per
well); otherwise, it was difficult to observe the obvious differ-
ence between the CC-CM group and the control group.

Next, we tested the effect of CC-CM on the mobility of
OVCAR-3 and SKOV-3 cells using Transwell migration as-
says. As shown in Figure 2C, the number of OVCAR-3 cells
cultured in CC-CM that migrated to the undersurface of the
membrane was significantly greater than that of cells cul-
tured in the controlmedium (191.3± 40.2 versus 22.7± 12.0,
p < .05). A similar effect was observed for the SKOV-3 cells.
The number of SKOV-3 cells cultured in CC-CM that mi-
grated to the undersurface of the membrane was also sig-
nificantly greater than that of cells cultured in the control
medium (190.7± 36.1 versus 16.3± 7.0, p < .05; Figure 2D).

Subsequently, we measured the capacity of OVCAR-3 and
SKOV-3 cells to invade through the Matrigel, an artificial
ECM. OVCAR-3 cells incubated with CC-CM displayed in-
creased invasive ability compared to OVCAR-3 cells incu-
bated with control medium (65.0 ± 19.9 versus 8.3 ± 3.2,
p < .05; Figure 2E). SKOV-3 cells incubated with CC-CM
also displayed increased invasive ability compared to the con-
trol group (47.0 ± 18.5 versus 5.0 ± 3.2, p < .05; Figure 2F).

CC-CM inhibited serum deprivation–induced apoptosis

In this assay, culture in serum-free conditions strongly in-
duced the apoptosis of EOC cells. However, the percentage of
apoptotic OVCAR-3 cells was reduced by 23.9% when cells
were cultured in CC-CM as compared to control medium
(26.2% ± 14.7% versus 2.3% ± 1.6%, p < .05; Figure 3A),
and that of SKOV-3 cells was reduced by 25.7% when cells
were cultured in CC-CM as compared to control medium
(27.9% ± 17.4% versus 2.2% ± 1.7%, p < .05; Figure 3B).

Stromal–epithelial crosstalk caused an increase

in the levels of various cytokines

In total, nine diagramswere generated: three of CC-CM from
CAFs andOVCAR-3 cell co-culture, three of CM fromCAFs,
and three of CM from OVCAR-3 cells. Representative dia-
grams depicting a typical image are presented in Supplemen-
tary Figure 1 (available online). The overall sensitivity, speci-
ficity, and variability of the arrays were tested according to
the protocol of Huang et al. (21). The coefficient of variation
(defined as the standard deviation divided by the mean) was
generally less than 20%, suggesting reasonably good reliabil-
ity of the system.

The levels of various factors in the cell-free culture super-
natants were measured with the RayBio R© Biotin Label-based
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Human Antibody Array system and normalized to the lev-
els observed in the CM of OVCAR-3 cells cultured alone.
Some factors were upregulated, others remained unchanged,
and the levels of some factors could not be detected. In some
cases, the resulting levels of certain released factors reflected
the additive contributions of the two cell types when cultured
individually. Notably, the levels of some cytokines reflected
a synergistic interaction between the CAFs and OVCAR-3,
as these accumulated to levels more than 2-fold higher than
those produced by individual CAF or OVCAR-3 cultures.
We defined an arbitrary cutoff signal ratio of ≥2.0- or ≤2.0-
fold changes as significant expression. That is, we compared
the CC-CM from CAF+OVCAR-3 cells to the CM from
CAFs only, and compared the CC-CM from CAF+OVCAR-
3 cells to the CM from OVCAR-3 cells only, and only ratios
of ≥2.0- or ≤2.0-fold changes were considered significant
expression. Figure 4 depicts partial representative results, not
of all 507 cytokines. Figure 4 shows that there were signifi-
cant expression of some cytokines, such as IL-1A and MMP-
20, while the expression of large number other cytokines re-
mained unchanged. Of the 507 cytokines, there was signifi-
cant expression of 57 in the CC-CM from CAF+OVCAR-3
cells, and these significantly upregulated cytokines are listed
in Table 1.

Of these 57 cytokines, 44 were upregulated and 13 were
downregulated. The first group of cytokines included tu-
mor necrosis factor (TNF) superfamily members, insulin-
like growth factor (IGF)-binding protein, hepatocyte growth

factor (HGF), and fibroblast growth factor (FGF). These cy-
tokines can promote the proliferation of cancer stem cells
and are associated with cell growth. The second group of
cytokines included MMPs, intercellular adhesion molecule-
3, and connective tissue growth factor and is associated
with ECM remodeling and decreased cell adhesion that con-
tribute to tumor cell migration and invasion. The third
group of cytokines comprised some interleukins (ILs) and
chemokine (C-X-C motif) ligands that are responsible for
immune escape by tumors and can affect inflammation in
cancer. The fourth group of cytokines included vascular en-
dothelial growth factor and angiopoietins. These cytokines
are associatedwith cancer cell proliferation and tumor angio-
genesis. The fifth group comprised downregulated cytokines.
These cytokines are involved in cell proliferation, organ de-
velopment, signal transduction, immunoregulatory and in-
flammatory processes, and angiogenesis and blood vessel
stability.

DISCUSSION

The importance of the local tumor microenvironment in
tumor progression has been recognized for many years
and highlighted in several reviews (3, 22, 23). Two re-
cent studies on ovarian cancer showed that tumor CAFs
could induce cancer cell invasion,migration, and progression
(18, 19). However, in contrast, little is known about the
possible contribution of stromal–epithelial interaction in

Figure 1. Typical morphology and characterization of CAFs harvested from human EOC tissues. Typical CAF morphology: (A) spindle-shaped,
(B) intermediate, and (C) �attened. Positive immunohistochemical staining for (D) α-SMA, (E) vimentin, and (F) FSP1, original magni�cation
×200.

Copyright C© 2013 Informa Healthcare USA, Inc.
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Figure 2. E�ect of CC-CM on the proliferation, migration, and invasion of EOC cell lines. A: Proliferation of OVCAR-3 cells cultured in CC-CM
or control medium. B: Proliferation of SKOV-3 cells cultured in CC-CM or control medium. C: Migration of OVCAR-3 and SKOV-3 cells cultured
in CC-CM or control medium. D: Invasion of OVCAR-3 and SKOV-3 cells cultured in CC-CM or control medium. ∗p < .05.

Figure 3. E�ect of CC-CMon serumdeprivation–induced apoptosis of EOC cell lines. A andB: Flow cytometric analyses and quanti�cation of serum
deprivation–induced apoptosis in OVCAR-3 cells cultured in CC-CM or control medium. C and D: Flow cytometric analyses and quanti�cation
of serum deprivation–induced apoptosis in SKOV-3 cells cultured in CC-CM or control medium. ∗p < .05.

Cancer Investigation
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Figure 4.�e interaction of CAFs with OVCAR-3 cells leads to increased levels of various cytokines (representative results, not of all 507 cytokines).
�e data are expressed as the fold induction ± s.d. of triplicates. �ere were signi�cant expression of some cytokines, while the expression of
large number other cytokines remained unchanged. Red column, OVCAR-3 cells only; green column, CAFs only; blue column, CAF+OVCAR-3
cells.

ovarian cancer. Using ovarian CAFs, we found that CC-CM
from CAF and EOC cell co-cultures stimulated ovarian tu-
mor cell proliferation, migration, and invasion. Moreover,
the CC-CM inhibited the apoptosis of tumor cell induced by
serum deprivation. These observations indicate that soluble
factors are produced by crosstalk between CAFs and EOC
cells that stimulate the proliferation and survival of ovarian
cancer cells. We also screened some significantly expressed
cytokines in the CC-CM produced by biochemical interac-
tions between CAFs and EOC cells. These cytokines con-
tributed to cell proliferation, ECM remodeling, inflamma-
tion, and angiogenesis. Taken together, these studies indicate
that the stromal–epithelial interaction of ovarian cancer plays
an important role in the aggressiveness of this disease.

The tumor microenvironment is composed of both
cellular (fibroblasts, endothelial, and immune cells) and non-
cellular components (proteins, proteases, and cytokines).
Proliferation is the first step in tumor cell invasion and
metastasis to other organs. In the present study, high levels
of a variety of growth-promoting factors were identified in
the CC-CM from CAF and EOC cell co-cultures, including
transforming growth factor (TGF)-β , HGF, and IGF. TGF-β
is secreted by a number ofmalignant tumors, including those
in colon cancer (24) and breast cancer (25), and can induce
the differentiation of fibroblasts into CAFs. HGF is secreted
by many types of cancer cells and stromal cells, playing an
important role in the tumor stromal microenvironment (26).
HGF can stimulate the migration of SKOV-3 cells (19). In
this study, we demonstrated that synergistic interaction in the
stromal–epithelialmicroenvironment led to the expression of
higher levels of HGF and TGF-β as well as epidermal growth
factor (EGF) and basic FGF. Each of these factors may be
potentially responsible for cancer cell proliferation and
metastasis.

Remodeling of the ECMbyMMPs is a crucial step for can-
cer progression as well as formation of the cancer microenvi-

ronment (27). Crosstalk between cancer cells and CAFs may
direct both cell types to modify the adjacent ECM and base-
ment membrane (3, 15). It is widely recognized that break-
down of the basement membrane is the first step required
for cancer cell intravasation into the circulation.MMP-13 se-
creted by CAFs promotes tumor angiogenesis and can lead to
increased cancer cell invasion (28). MMP-11 expression has
a significant relationship with the inflammatory molecular
profile of breast carcinomas and distant metastasis (29). Re-
cently, it was shown that overexpression of MMP-20 may be
useful as a prognostic factor for lymph nodemetastases in la-
ryngeal squamous cell carcinoma (30). These cytokines may
play an important role in promoting tumor cell invasion and
metastasis.

Inflammation has recently been proposed as the seventh
hallmark of cancer (31). Pro-inflammatory cytokines se-
creted by CAFs and cancer cells attract excessive numbers
of immune cells to the tumor, allowing cancer cells to be
exposed to growth factors while avoiding immune surveil-
lance (32). In this study, a set of pro-inflammatory mediators
were upregulated and associated with immune response and
tumor-promoting behavior. These findings suggest that an
inflammatory microenvironment plays a crucial role in ma-
lignant cell progression.

Angiogenesis is required for a tumor to grow, and the
microenvironment plays an important role in regulating the
angiogenic switch (33). In this study, pro-angiogenic factors,
including vascular endothelial growth factorβ , angiopoietin-
4, and angiopoietin-like 4 were identified. These factors are
essential for tumor growth and metastasis and essential for
controlling tumor-associated angiogenesis (34). Angiopoi-
etin 4 is a protein that plays important roles in vascular de-
velopment and angiogenesis (35), while angiopoietin-like 4
has been shown to prevent the metastatic process by inhibit-
ing vascular activity and tumor cell motility and invasiveness
(36).

Copyright C© 2013 Informa Healthcare USA, Inc.
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Table 1. Signi�cantly Expressed∗ Cytokines in CAF and OVCAR-3 Cell CC-CM as Compared to OVCAR-3 cell CM

Symbol Full Name Length NCBI Ref Gene ID Fold-Change

Cell Proliferation
TNFSF14 Tumor necrosis factor superfamily, 14 204 aa NP 742011.2 8,740 3.4± 0.8
PDGF-AB Platelet-derived growth factor alpha, beta 196 aa NP 148983.1 5,154 3.3± 0.8
IGFBP-3 Insulin-like growth factor binding protein 3 291 aa NP 000589.2 3,486 3.1± 0.9
TGF-beta 1 Transforming growth factor, beta 1 390 aa NP 000651.3 7,040 2.8± 1.1
BMP-3 Bone morphogenetic protein 3 472 aa NP 001192.2 651 2.7± 1.3
BMP-15 Bone morphogenetic protein 15 392 aa NP 005439.2 9,210 2.7± 1.1
Pref-1 Delta-like 1 homolog (Drosophila) 383 aa NP 003827.3 8,788 2.6± 0.8
TSG-6 Tumor necrosis factor, alpha-induced protein 6 277 aa NP 009046.2 7,130 2.5± 0.4
IGF-1 Insulin-like growth factor 1 153 aa NP 000609.1 3,479 2.5± 1.3
FGF-BP Fibroblast growth factor binding protein 1 234 aa NP 005121.1 9,982 2.4± 0.8
HGF Hepatocyte growth factor (hepapoietin A) 723 aa NP 001010932.1 3,082 2.0± 0.6
FGF-20 Fibroblast growth factor 20 211 aa NP 062825.1 26,281 −2.1± 1.2
TNFSF10 Tumor necrosis factor super family 10 101 aa NP 001177871.1 8,743 −2.2± 1.4
FGF-4 Fibroblast growth factor 4 206 aa NP 001998.1 2,249 −2.3± 0.1
FGF-8 Fibroblast growth factor 8 140 aa NP 001193318.1 2,253 −2.4± 1.3
EGF Epidermal growth factor 1207 aa NP 001954.2 1,950 −2.6± 0.8
Extracellular Matrix
MMP-20 Matrix metallopeptidase 20 483 aa NP 004762.2 9,313 3.2± 1.0
MMP-10 Matrix metallopeptidase 10 476 aa NP 002416.1 4,319 2.7± 0.3
TIMP-4 TIMP metallopeptidase inhibitor 4 224 aa NP 003247.1 7,079 2.5± 1.1
MMP-13 Matrix metallopeptidase 13 471 aa NP 002418.1 4,322 2.4± 0.5
MMP-11 Matrix metallopeptidase 11 488 aa NP 005931.2 4,320 2.3± 0.8
S100A10 S100 calcium binding protein A10 97 aa NP 002957.1 6,281 2.2± 0.2
ICAM-3 Intercellular adhesion molecule 3 547 aa NP 002153.2 3,385 2.2± 0.5
TFPI Tissue factor pathway inhibitor 304 aa NP 006278.1 7,035 2.1± 0.4
MMP-25 Matrix metallopeptidase 25 562 aa NP 071913.1 64,386 2.1± 0.3
CTGF Connective tissue growth factor 349 aa NP 001892.1 1,490 2.0± 0.5
MMP-1 Matrix metallopeptidase 1 403 aa NP 001139410.1 4,312 2.0± 0.7
Proin�ammatory Mediators
IL-1A Interleukin 1, alpha 271 aa NP 000566.3 3,552 3.4± 0.4
IL-26 Interleukin 26 171 aa NP 060872.1 55,801 2.9± 0.6
IL-17C Interleukin 17C 197 aa NP 037410.1 27,189 2.7± 0.3
IL-19 Interleukin 19 215 aa NP 715639.1 29,949 2.7± 0.8
IL-28A Interleukin 28A (interferon, lambda 2) 200 aa NP 742150.1 282,616 2.5± 0.2
Eotaxin Chemokine (C-C motif) ligand 11 97 aa NP 002977.1 6,356 2.5± 0.6
IL-22 Interleukin 22 179 aa NP 065386.1 50,616 2.4± 0.6
IL-12 A Interleukin 12 A 253aa NP 000873.2 3,592 2.4± 0.8
IL-31 Interleukin 31 164 aa NP 001014358.1 386,653 2.3± 0.4
IL-27 Interleukin 27 243 aa NP 663634.2 246,778 2.3± 0.6
CXCL12 Chemokine (C-X-C motif) ligand 12 273 aa NP 071342.2 58,191 2.3± 0.5
IL-15 Interleukin 15 135 aa NP 751915.1 3,600 2.2± 0.3
IL-4 Interleukin 4 153 aa NP 000580.1 3,565 2.2± 0.4
PARC / CCL18 Chemokine (C-C motif) ligand 18 89 aa NP 002979.1 6,362 −2.2± 0.8
IL-13 Interleukin 13 146 aa NP 002179.2 3,596 −2.3± 0.6
RANTES Chemokine (C-C motif) ligand 5 91 aa NP 002976.2 6,352 −2.4± 0.4
GCP-2 / CXCL6 Chemokine (C-X-C motif) ligand 6 114 aa NP 002984.1 6,372 −243± 0.5
IL-10 Interleukin 10 178 aa NP 000563.1 3,586 −2.4± 0.8
ENA-78 Chemokine (C-X-C motif) ligand 5 114 aa NP 002985.1 6,374 −2.5± 0.5
Angiogenesis
VEGF-B Vascular endothelial growth factor B 207 aa NP 003368.1 7,423 3.3± 0.6
Angiopoietin-4 Angiopoietin 4 503aa NP 057069.1 51,378 3.0± 0.1
Endoglin / CD105 Endoglin 658 aa NP 001108225.1 2,022 2.4± 0.4
VE-Cadherin Cadherin 5, type 2 (vascular endothelium) 784 aa NP 001786.2 1,003 2.3± 0.2
VEGF-C Vascular endothelial growth factor C 419 aa NP 005420.1 7,424 2.3± 0.6
TMEFF2 Transmembrane protein with EGF-like 2 374 aa NP 057276.2 23,671 2.3± 0.2
EDG-1 Hexamethylene bis-acetamide inducible 1 359 aa NP 006451.1 10,614 2.2± 0.1
Angiopoietin-1 Angiopoietin 1 497 aa NP 001186788.1 284 2.1± 0.5
VEGF Vascular endothelial growth factor A 412 aa NP 001020537.2 7,422 2.0± 0.8
Angiopoietin-like 4 Angiopoietin-like 4 406 aa NP 647475.1 51,129 −2.1± 0.5
Tie-1 Tyrosine kinase with EGF-like domains 1 1138 aa NP 005415.1 7,075 −2.4± 0.3

�e CM was harvested from CAFs, OVCAR-3 cells, or CAF and OVCAR-3 cell co-cultures. �e levels of various factors in the cell-free culture supernatants were measured with
the RayBio R© Biotin Label-based Human Antibody Array system and normalized to the levels observed in the medium of OVCAR-3 cells cultured alone.
∗We de�ned an arbitrary cuto� signal ratio of ≥2.0- or ≤2.0-fold changes as signi�cant expression. aa, amino acid; NCBI Ref, National Center of Biotechnology Information
reference sequence: LOCUS.
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The upregulated promoter cytokines exert promoting
effects in crosstalk interaction. The downregulated sup-
pressor cytokines may also exert promoting effects, and
occasionally require feedback effects to maintain microen-
vironment homeostasis. Thus, there is another group of
downregulated cytokines. These cytokines are involved in
cell proliferation (FGF-8, EGF), organ development (FGF-
20, FGF-4), signal transduction (TNFSF10), immunoregula-
tory and inflammatory processes (CCL18, CXCL6, RANTES,
IL-13, ENA-78), and angiogenesis and blood vessel stability
(TIE-1, angiopoietin-like 4). Some; such as TIE-1, IL-10, IL-
13; and angiopoietin-like 4, are tumor suppressor cytokines.
TIE-1 is a member of the tyrosine protein kinase family and
plays a critical role in angiogenesis and blood vessel stabil-
ity by inhibiting angiopoietin 1 signaling through the en-
dothelial receptor tyrosine kinase TIE-2 (37). IL-13 down-
regulates macrophage activity and inhibits the production of
pro-inflammatory cytokines and chemokines, some of which
play an important role in cell proliferation, organ develop-
ment, signal transduction, and immune regulation (38). The
stromal–epithelial crosstalk downregulation of some pro-
moter cytokines may aid in preventing hyperreaction and
in maintaining homeostatic control. For example, TNFSF10
belongs to the TNF ligand family and preferentially induces
apoptosis in transformed and tumor cells. The binding of this
protein to its receptors has been shown to trigger the activa-
tion ofMAPK8/JNK, caspase-8, and caspase-3. Downregula-
tion of this cytokine may prevent TNFα-mediated apoptosis
in some primary tumors (39).

In fact, the soluble factors produced in vitro by stromal
cells do not always stimulate proliferation; some may inhibit
cancer cell proliferation and induce apoptosis (40), suggest-
ing that these fibroblast-secreted factors interfere in the cell
growth and death of neoplastic cells.

One limitation in this study is that we evaluated CAFs as
the sole stromal element interacting with tumor cells. In re-
ality, many other cell types in the stroma, such as endothe-
lial cells, immune cells, adipocytes, and pericytes are known
to interact with tumor cells to mediate malignant behavior.
Another limitation is that we did not verify the observation
in vivo. Thus, a more physiologically relevant design would
be one that includes all stromal cell types along with tumor
cells and that is performed in vivo.

In conclusion, our data provide evidence that stromal fi-
broblasts and stromal tumor cells interact and promote tu-
mor progression in ovarian cancer. These findings improved
our understanding of the role and effects of the synergistic in-
teractions between the tumor and stromal cells in the tumor
microenvironment during ovarian cancer progression. With
this information, targeting the stroma in ovarian cancer may
not only be effective in suppressing tumor development, but
may also prevent tumor metastasis. Further investigation of
the role of these factorsmay be a high priority for futurework.
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Supplementary Table 1: Cytokines in the RayBio R© Biotin
Label-based Human Antibody Array system (507).

Supplementary Figure 1: Representative diagrams of a typ-
ical image of cytokines detected using the RayBio R© Biotin
Label-based HumanAntibody Array system. A: Cytokines in
the CAF CM. B: Cytokines in the OVCAR-3 cell CM. C: Cy-
tokines in the CAF andOVCAR-3 cell CC-CM. Positive con-
trol (red rectangle) and negative control (black rectangle) are
indicated in the top and bottom left corners. Internal controls
(yellow rectangle) are indicated in the lower right corners.
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